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Abstract
We consider a baryogenesis scenario via the oscillation of right-handed neutrinos with Majorana
masses of the order of GeV, which are also responsible for neutrino masses by the seesaw mecha-
nism. We study how the initial condition alters the prediction of the present baryon asymmetry by
thismechanism. It is usually assumed that the abundance of right-handed neutrinos is zero after the
reheating of the inflationary universe and they are produced in scattering processes by the renoma-
lizable Yukawa interaction. However, the higher-dimensional operator with right-handed neutrinos
may provide an additional production which ismost effective at the reheating epoch. It is shown that
such an initial abundance of right-handed neutrinos can significantly modify the prediction when
the strong washout of the asymmetry is absent. This leads to the parameter space of the model for
the successful baryogenesis being enlarged.
1 Introduction
The baryon asymmetry of the universe (BAU) is one of themost mysterious numbers in particle physics
and cosmology. The present baryon-to-entropy ratio, YB = nB/s with the baryon number densitynB and
the entropy density s, is observed as [1]
Y obsB = (8.677±0.054)×10−11 . (1)
When the universe experiences the inflation, this asymmetry must be generated after the exponentially
expanding period, more precisely, during or after the reheating process, which gives an initial condition
of the hot big-bang universe. Such a mechanism, called as baryogenesis, requires three conditions [2].
Unfortunately, the standard model (SM) cannot satisfy some of these conditions. Especially, since the
Higgs boson mass is measured as 125 GeV, the electroweak phase transition is a smooth crossover (See,
for example, the recent analysis [3] and references therein.) and then there is no way to lead a deviation
from thermal equilibrium which is one of the above conditions. Thus, it is important to clarify new
physics in order to explain the BAU between the inflation and the big-bang nucleosynthesis.
The baryogenesis scenarios with right-handed neutrinos are attractive since they can simultane-
ously account for tiny neutrinomasses through the seesawmechanism [4–10]. In the (canonical) lepto-
genesis scenario [11], the out-of-equilibriumdecays of right-handed neutrinos can generate the lepton
asymmetry which can be partially converted to the baryon asymmetry by the rapid sphaleron process
for the temperatures T > O (102) GeV [12]. The observed value (1) can be explained when hierarchical
right-handed neutrinos are heavier than O (109) GeV. (See, for example, Refs. [13–15].)
On the other hand, the flavor oscillation between right-handedneutrinos can also be responsible for
the BAU [16, 17]. In this case the observed value (1) can be generated even when the Majorana masses
are below the electroweak scale as long as themasses are quasidegenerate. One of the attractivemodels
which realizes this baryogenesis is the neutrino minimal standard model (νMSM) [18,17]. In this sce-
nario, two heavier ones among three right-handed neutrinos are responsible for baryogenesis and the
remaining lightest one is a candidate of dark matter.
Since these right-handedneutrinos have tiny Yukawa coupling constants to realize the seesawmech-
anism as well as to avoid the cosmological constraints on dark matter, the production rates by the scat-
tering of the SM particles at the reheating epoch is negligible and then one can consider that there is
essentially no right-handed neutrino in the beginning of the hot big-bang universe. However, unknown
physics at high energy scale could produce right-handedneutrinos through the interactions suppressed
by the cutoff scale of themodel. One interesting possibility is the dimension-five interaction with right-
handed neutrinos [19].
Although such an additional production is possible to affect the generation of the BAU, it has been
shown in Ref. [19] that the effect is negligible if the dark matter abundance which is equally produced
as the heavier ones does not overclose the universe. Here, we revisit this problem in several situations
for the baryogenesis via neutrino oscillation. The important physical quantities for this scenario are the
starting temperature of the right-handedneutrino oscillation Tosc which quantifies the oscillation effect
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to baryogenesis and the overall magnitude of the neutrino Yukawa coupling constants which quantifies
thewashout effect of the asymmetries. Wewill then consider several choices for these quantities leading
to different situations of this baryogenesis.
As we will show below, when the neutrino Yukawa coupling constants are large enough, the ini-
tial abundance of the right-handed neutrinos does not affect on the produced BAU due to the strong
washout effects. This result is consistent with the previous analysis. On the other hand, in the weak
washout region, the situation is drastically changed and the impact on baryogenesis can be classified by
Tosc and the initial condition of thematrices of densities. The off-diagonal element of the initialmatrices
of densities can significantly affect to the produced BAU when it is sufficiently large. As Tosc decreasing,
the effects on the produced BAU from all elements of the initial matrices of densities are significant. In
addition, the CP violating effects in the initial values of the matrices of densities can offer an additional
source of the BAU. These conclusions are different from the previous one.
This paper is organized as follows. We will present our framework in the next section. The impacts
on the dark matter physics and baryogenesis will be discussed in Secs. 3 and 4. We will conclude our
paper in Sec. 5. In addition,we review the production of right-handedneutrinos via higher-dimensional
operator in App. A and the parametrizationof the neutrinoYukawa coupling constants in App. B. Finally,
we present the evolution of the yield of the BAU in various situations in App. C.
2 The framework
We consider the νMSM, an extension of the SM by three right-handed neutrinos νRI (I = 1,2,3). The
Lagrangian is given by
LνMSM =LSM+ i νRIγµ∂µνRI −
(
FαI ℓαΦνRI +
MI
2
νcRI νRI +H .c.
)
, (2)
where LSM is the SM Lagrangian, and Φ and ℓα (α = e,µ,τ) are the weak doublets for Higgs and left-
handed leptons, respectively. F is the matrix of Yukawa coupling constants and MI is the Majorana
mass of right-handed neutrino. Here and hereafter we shall work in the basis where the mass matrix of
charged leptons and theMajoranamass matrix MM = diag(M1 ,M2 ,M3) are both diagonal.
We require the hierarchy between theMajoranamass MI and theDiracmass [MD ]αI = FαI 〈Φ〉 (〈Φ〉 =
174 GeV is the Higgs vacuum expectation value), |[MD ]αI | ≪ MI , to realize the seesaw mechanism. In
this case, the mass eigenstates are active neutrinos νi (i = 1,2,3) and heavy neutral leptons (HNLs) NI .
The left-handed neutrino is then written as
νLα =Uαi νi +ΘαI N cI , (3)
whereU is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixingmatrix for active neutrinos [20] and
Θ=MD/MM is that for HNLs. Themasses of active neutrinos mi are determined from
[Mν]αβ =−[MD ]αI [MD ]βI M−1I , U †MνU∗ = diag(m1 , m2 , m3) . (4)
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On the other hand, NI ≃ νRI and themasses of HNLs are given by MI .
In the νMSM, the lightest HNL N1 is a candidate for dark matter and the heavier ones N2 and N3
realize the seesaw mechanism of active neutrino masses and baryogenesis via neutrino oscillation for
the BAU. Since the darkmatter can radiatively decay into pairs of active neutrinoandphoton, themixing
angle is highly constrained fromx-ray observations depending on itsmass [21]. According to such severe
constraints, the dark matter abundance is difficult to be explained by the nonresonant production [22]
together with the constraint from the structure formation [23]. On the other hand, the smaller mixing
region is possible to explain the dark matter density by invoking the resonant production [24] in the
presence of large lepton asymmetry at the production period. In any cases, since the Yukawa coupling
constants of N1 must be highly suppressed, it plays substantially no role for the seesawmechanism and
baryogenesis. As a result, the Yukawa coupling constants of N2,3 should be chosen in order to explain
the tiny active neutrino masses. (See App. B.) Thanks to the smallness of the Majorana masses, their
coupling constants are found to be small.
The productionof these right-handedneutrinos at high temperature region (T ≫ 102GeV) is ineffec-
tive as long as it is governed by the Yukawa interaction. This is because the required coupling constants
are suppressed and the production rate being proportional to T is much slower than the expansion rate
proportional to T 2. Consequently, it is considered that the abundance of right-handed neutrinos is es-
sentially zero after the inflation. This is the conservative initial condition for considering dark matter
and baryogenesis in the νMSM.
In this analysis we study the effects on physics of HNLs by a higher-dimensional operator
LHD =
AI J
2Λ
Φ
†
ΦνcRI νR J +H .c. , (5)
whereΛ is a cutoff scale and A is a couplingmatrix. It should be noted that A is not a diagonal matrix in
general, which is crucial for baryogenesis as will be shown later. We assume that all the elements AI J are
of the same order of magnitude (i.e., of the order of unity) for simplicity. The impact of the operator (5)
has already been discussed in Ref. [19], especially in the context of the Higgs inflation. Here, we revisit
this problem paying a special attention to the impact on baryogenesis. In order to make a more general
discussion we take the reheating temperature TR as a free parameter without specifying the inflation
model.
One of the impacts by the operator (5) is a correction to the Majoranamasses for right-handed neu-
trinos
[δMM ]I J =−AI J
〈Φ〉2
Λ
=−1.3×10−5 eVAI J
(
MP
Λ
)
, (6)
where MP ≃ 2.4×1018 GeV is the reduced Planck mass. It is seen that such corrections are significantly
smaller than the masses of HNLs, namely much smaller than the typical mass O (10) keV of the sterile
neutrino dark matter, and then they give only negligible impact on the masses of active neutrinos and
HNLs. It should, however, be noted that such a correction might be important for the mass difference
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between N2 and N3, which is a key parameter for the baryogenesis via neutrino oscillation. In this case
the mass difference used to estimate the BAU should be considered as the one given by MM +δMM .
Another consequence of the operator (5) is the additional production of right-handed neutrinos by
scatterings of Higgs particles at the reheating epoch [19]. Note that the production rate due to the oper-
ator scales as T 3 and then a sizable amount of νR may be generated at the reheating epoch.
Let us consider the scattering process by the operator (5)
φa +φa → νRI +νRJ , (7)
where four real scalar fields of Higgs doublet are denoted byφa (a = 1,2,3,4). We introduce thematrices
of densities of the right-handed neutrino states with the positive and negative helicities
[ρN (~k)]I J =
1
V
Tr
[
ρˆ(t ) aˆ†J (
~k , +) aˆI (~k , +)
]
, [ρN (
~k)]I J =
1
V
Tr
[
ρˆ(t ) aˆ†J (
~k , −) aˆI (~k , −)
]
, (8)
where V is the space volume and ρˆ(t ) is the density matrix operator. The annihilation and creation
operators of νRI with helicity h and momentum~k are denoted by aˆI (~k ,h) and aˆ
†
I (
~k ,h), respectively. As
explained in App. A, the contributions from the production process (7) are estimated as
[rN ]I J = 9.4×10−4
MP TR
Λ2
[
A†A
]
I J
, [rN ]I J = 9.4×10−4
MP TR
Λ2
[
AT A∗
]
I J . (9)
Here rN and rN are the matrices of densities for right-handed neutrinos which are normalized by the
equilibriumdistribution function f eq = (e |~k|/T +1)−1. Notice that we have neglected themasses of right-
handed neutrinos since TR ≫MI .
The initial values of the matrices of densities after the reheating, [rN ]I and [rN ]
I , are then given by
Eq. (9). It should be noted that any asymmetry between νR and νR is not generated at the leading order
since [rN ]
I = ([rN ]I )∗ as shown in Eq. (9). From now on we shall discuss the impacts of such initial
abundances on dark matter and baryogenesis by νR .
3 Impact on dark matter
Now let us study the first topic of this article, the impact of the operator (5) on dark matter physics. In
the νMSM the lightest HNL N1 is a dark matter candidate. In the conventional scenario N1 is produced
by the scattering processes through the weak interactions with the mixing Θα1 [22], and the dominant
productionoccurs at the temperatureT∗ ∼ 100MeV for M1 ∼ keV. The present abundance of darkmatter
is given by [1]
Ωdmh
2 = 0.1188±0.0010, (10)
whereΩdm is the present density parameter of dark matter component and h is the present Hubble pa-
rameter in unit of 100 km/sec/Mpc. This abundance can be explained by requiring themixing elements
as [25]
∑
α
|Θα1|2 ≃ 8×10−8
(
M1
1 keV
)−2
. (11)
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Figure 1: Initial value of [rN ]I11 required for the correct darkmatter densityΩN1 =Ωdm. The region above
the red line is excluded because of the overclosure of the universe.
Such a dark matter candidate is constrained from various cosmological observations. From the cosmic
x-ray observations, the radiative decay N1 → ν+γ is severely restricted and the strong upper bound
on
∑
α |Θα1|2 is obtained [21]. In addition, N1 with keV mass, which plays a role of warm dark matter,
receives the constraint from the cosmic structure and the lower bound on M1 is obtained [23]. The
present status of this dark matter scenario is difficult to realize within the simplest thermal history. See
the discussion in Ref. [26,27].
On the other hand, when there exists a sizable lepton asymmetry around T ≃ T∗, the resonant pro-
duction of N1 occurs [24]. In this case the mixing elements much smaller than Eq. (11) can account for
the darkmatter abundance (10) and the severe x-ray bound can be avoided. See the analysis in Ref. [28].
Interestingly, as shown inRefs. [29,30], the required lepton asymmetry can be originated in the dynamics
of N2 and N3 without introducing any new physics.
Nowwe turn to discuss the impact of the higher-dimensional operator (5). As pointed out in Ref. [19],
enough numbers of N1 can be generated at the reheating epoch. We can estimate the density parameter
of N1 from the initial values of [rN ]I11 and [rN ]
I
11 as
ΩN1h
2 = 0.11
((
[rN ]I11+ [rN ]I11
)
10−2
)(
M1
10 keV
)
. (12)
Note that [rN ]I11 = [rN ]I11. It is thus found that the initial value of [rN ]I11 must be
[rN ]
I
11 < 5.6×10−3
(
10 keV
M1
)
, (13)
in order that the abundanceΩN1 in Eq. (12) does not exceed the observed value (10), which is shown in
Fig. 1. This bound can be translated into the upper bound on TR , but it is a mild bound. For instance,
whenΛ=MP , A =O (1), and M1 >O (102) keV, the condition can be satisfied even if TR =MP . See Fig. 2.
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Figure 2: Upper bounds on the reheating temperature TR in terms of the cutoff scale Λ. The bounds
from the dark matter abundance ΩN1h
2 < Ωdmh2 for M1=10 keV and 100 keV are shown by the blue
dashed lines. The bound from the BAU |δYB | < 10 % when ∆M = 10−13 GeV and Xω = 1 is also shown by
the red solid line.
When themixing of N1 is extremely smaller than the value (11) and the initial values of the matrices
of densities take the value as shown in Fig. 1, the alternative scenario of dark matter is possible [19].#1
For example, when Λ= MP , TR = 1013 GeV, and A = O (1), N1 with mass M1 = 4.9 GeV becomes a viable
candidate for dark matter. One might worry about the stability of such a heavy particle. It should be
noted, however, that we can switch off the Yukawa coupling for N1 (i.e., Fα1=0) since the operator (5) is
responsible for the production. In this case, the discrete symmetry Z2 associated with N1 arises, under
which only N1 = νR1 changes as N1 →−N1. This symmetry, in which the operator (5) is invariant, en-
sures the complete stability of N1. On the other hand, the tests of such a dark matter candidate become
difficult since the mixing of N1 disappears. The test in the cosmic x-ray background [27] is impossible
because N1→ νγ is forbidden and the test at KATRIN [31, 32] is also impossible because N1 cannot be
produced in tritiumbeta decay.
Finally, we would like to comment on the impact on the DM scenario specific to the νMSM. As we
mentioned before, the heavier HNLs N2,3 have to generate the lepton asymmetry via oscillation mech-
anism not only for the baryon asymmetry but also for the resonant production of the DM [24] after
sphaleron freeze-out [30]. Below the sphaleron freeze-out temperature N2,3 get in thermal equilibrium
and decouple just before the lepton asymmetry generation for the resonantDMproduction. Thismeans
that the initial values of the matrices of densities are irrelevant for the generation of the lepton asym-
metry mechanism for the DM since the initial information is lost through the above thermalization.
However, the higher-dimensional operator gives the impact differently. As we will show below, thanks to
the initial value [rN ]II J (I , J = 2,3), the model parameter space to realize the correct amount of the BAU
#1 It is possible to realize amixed darkmatter scenario where both N1’s produced at the reheating and T ≃100MeV periods
contribute the present darkmatter density comparably.
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becomes wider than the case of [rN ]II J = 0. In this case the late-time lepton asymmetry production dis-
cussed in [30] could be achieved in the relaxed parameter space. This enlarges the possible space of the
resonant DM production. However, the quantitative analysis of the resonant DM production is beyond
the scope at the moment.
4 Impact on baryogenesis
Next, we turn to discuss the impact of the initial abundance (9) on baryogenesis. In the considering
model, the sufficient amount of the BAU can be generated by the mechanism via neutrino oscillation,
namely by the oscillation between the quasidegenerate N2 and N3 [16, 17]. We then write M2 = MN −
∆M/2 and M3 = MN +∆M/2 with MN ≫ ∆M . Such an impact has also been studied in Ref. [19]. It
has been shown that, when all the initial values of the matrices of densities are sufficiently small as
shown in Eq. (13) in order to avoid the overproduction of dark matter particle, the yield of the BAU does
not change significantly. We shall revisit this problem paying a special attention to the initial value of
the off-diagonal element [rN ]I23. Such an element can be generated at the reheating epoch because the
couplingmatrix A is not diagonal in general and thebasis of right-handedneutrinos at high temperature
regions is different from the vacuum one. See the discussion in App. A. As we will show below, the initial
value of [rN ]II J can alter the final BAU significantly even if they satisfy the condition (13), which should
be contrasted to the previous results in Ref. [19].
We estimate the yield of the BAU YB by solving the coupled equations for the matrices of densities
[ρN ] and [ρN ] for right-handed neutrinos with positive helicity and their antiparticles with negative
helicity, respectively as well as chemical potentials for (left-handed) leptons. When the neutrinoYukawa
coupling constants are sufficiently small, there are three conserved charges Xα =B/3−Lα, whereB is the
baryon number and Lα is the lepton number of a specific flavor α. The chemical potential of Xα (which
is divided by the temperature and is dimensionless) is denoted by µXα , while the chemical potential of
Lα is µα, and they satisfy
µα =−
∑
β
CαβµXβ , (14)
where
Cαβ =
1
711

 221 −16 −16−16 221 −16
−16 −16 221

 . (15)
The equations for [rN ], [rN ] and µXα have been discussed in Refs. [16,17,29,30,33–43]. In this anal-
ysis, we take into account the interaction rates induced by the top Yukawa and gauge interactions and
also their temperature dependence by renormalization group equations effect.#2 See the details, for
#2 The effects of the lepton number violation [44, 45] and the CP violating Higgs decays [46, 47] have been discussed in
recent years, which are missed in the present analysis, but such effects are expected not to change the final results of this
paper qualitatively.
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example, in Ref. [48].
drN
d t
=−i
[
〈H〉 , rN
]
−
〈γ(0)N 〉
2
{
F †F , rN −1
}
+〈γ(1)N 〉F †µF −
〈γ(2)N 〉
2
{
F †µF , rN
}
, (16)
drN
d t
=−i
[
〈H∗〉 , rN
]
−
〈γ(0)N 〉
2
{
F T F∗ , rN −1
}
−〈γ(1)N 〉F TµF∗+
〈γ(2)N 〉
2
{
F TµF∗ , rN
}
, (17)
dµXα
d t
=−9ζ(3)
π2
{〈γ(0)N 〉
2
(FrN F
†−F∗rN F T )αα
−
∑
β
CαβµXβ
[〈γ(2)N 〉
2
(FrN F
†+F∗rN F T )αα−〈γ
(1)
N 〉(F F †)αα
]}
, (18)
where
µ≡ diag
[
−
∑
β
CαβµXβ
]
, (19)
〈H〉 =
M2N
2k
+ T
2
8k
F †F , k = 18ζ(3)
π2
T , (20)
〈γ(i )N 〉 = Ai
[
c(i )LP M + y2t c
(i )
Q + (3g 2+ g ′2)
(
c(i )V + log
(
1
3g 2+ g ′2
))]
, (21)
A0 = 2A1 =−4A2 ≡
4π2
3ζ(3)
T
3072π
, (22)
and the values of constants are (c(0)LP M , c
(1)
LP M , c
(2)
LP M )= (4.22, 3.56, 4.77)#3, (c
(0)
Q , c
(1)
Q , c
(2)
Q )= (2.52, 3.10, 2.27),
and (c(0)V , c
(1)
V , c
(2)
V )= (3.17, 3.83, 2.89). In the above equations, we use the running coupling constants at
the scale T evaluated from the one-loop renormalization group equations. We use the coupling con-
stants at top mass scale as yt = 0.93690, g ′ = 0.35830, g = 0.64779, and g3 = 1.1666 [50].
We solve numerically the kinetic equations (16)–(18) and evaluate the chemical potential µXα at T =
Tsph where Tsph is the freeze-out temperature of the sphaleron process. In this analysis we take Tsph =
130 GeV [51]. The prediction of the present BAU is then given by
YB = 1.3×10−3
∑
α
µB/3−Lα (Tsph) , (23)
where we have assumed that there is no additional entropy production for T < Tsph. The yield of the
BAU depends on MN , ∆M , and the neutrino Yukawa coupling constants. Especially, MN and ∆M are
important parameters to determine the temperature Tosc when their flavor oscillation starts, which is
given by
Tosc =
(
1
6
M0∆M MN
)1/3
= 320 GeV
(
MN
3 GeV
)1/3 (
∆M
10−10 GeV
)1/3
, (24)
where M0 = 7.1×1017 GeV. In addition, the parameter Xω in the neutrino Yukawa coupling constants
(see Eq. (40) in App. B) is another important parameter for baryogenesis. This is because it determines
#3We use the values at T = 104 GeV for simplicity. See the detail in Ref. [49].
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Figure 3: Deviation of the yield of the BAU in terms of the initial value of the nonzero element of the
matrix of densities [rN]I22 (red solid line), Re[rN ]
I
23 (blue dashed line), and Im[rN ]
I
23 (magenta dash dotted
line). We fix Xω = 1 and take (a) ∆M = 10−13 GeV, (b) ∆M = 10−10 GeV, and (c) ∆M = 10−7 GeV.
the overall scale of the Yukawa coupling constants (see, for example, the discussion in Ref. [52]), and
then the yield of the BAU depends on it significantly.
Now we are at the position to show how the yield of the BAU depends on the initial value of the
matrices of densities. We shall discuss the impact of each element separately and then consider the three
cases in which we assume the non-zero initial value only for (i) [rN ]I22, (ii) Re[rN ]
I
23, and (iii) Im[rN ]
I
23.
We shouldmention here that [rN ]32 also has the initial value satisfying rN = r †N for the cases (ii) and (iii).
The impact of the initial value [rN ]I33 is similar to the case (i), namely the magnitude of the additional
contribution is the same but the sign is opposite. We should note that the initial value for anti-neutrinos
is taken as [rN ]
I
I J = ([rN ]II J )∗ so that there is no asymmetry for any number initially.
The effect of the non-zero initial value is represented by the deviation which is defined by
δYB =
YB |[rN ]II J 6=0− YB |[rN ]II J=0
YB |[rN ]II J=0
. (25)
Here YB |[rN ]II J=0 is the yield of the BAU when all initial values are taken to be zero and YB |[rN ]II J 6=0 is the
one when the initial value is present. We fix MN = 3 GeV as a representative value and take the parame-
ters of the Yukawa coupling constants explained in Apps. B and C. We then study how the deviation δYB
changes by the initial value of the matrices of densities.
First of all, let us consider the case when Xω = 1 and the Yukawa coupling constants are sufficiently
small so that the washout effect is negligible. The results of the deviation (25) are represented in Fig. 3.
In this case the impact of the initial values diverge depending on ∆M .
For the region with ∆M ≪ 10−10 GeV, the oscillation temperature Tosc (24) is much smaller than
Tsph and the oscillation effect to generate the BAU is ineffective. In this case, as shown in Fig. 3 (a), the
initial value of each element [rN ]II J modifies significantly the prediction of the BAU. It is seen that the
deviation of YB becomes larger than 10 % when the initial value is large than O (10−5) in each element.
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Figure 4: Evolution of Im[rN ]I23 in the presence of the initial value of [rN ]22 in the panel (a), Re[rN ]23 in
the panel (b), and Im[rN ]23 in the panel (c). The initial value is taken as 0 (black solid line), 10−6 (red
dotted line), 10−4 (blue dashed line), and 10−2 (magenta dot dashed line). We take here∆M = 10−13 GeV,
Xω = 1, ωr =+0.909, and η= 2.15.
This critical value from the BAU is much smaller than O (10−2) which is needed to avoid the overclosure
of the universe by N1 with M1 ≃ 10 keV given in Eq. (12). To make this point clearer, we also show in
Fig. 2 the upper bound on TR by requiring that the deviation of YB is sufficiently small as |δYB | < 10%. It
is found that the bound from δYB is more stringent than that from the darkmatter density if M1 <O (10)
MeV. The bound gives the condition for the inflation under which the present BAU can be predicted
only by the weak scale physics. This clearly shows that the prediction of the baryon asymmetry can be
affected by the processes at the reheating epoch even if one demands that such a effect on dark matter
is negligible, which is opposite to the previous one [19].
We find that the key parameter in this case is Im[rN ]23. Each initial value, as shown in Fig. 4, gives
the additional contribution to Im[rN ]23 and, if it alters the value at T = Tsph in which the baryogenesis is
most effective, the yield of the BAU is modified significantly. See also Fig. 8 in App. C.1.1.
Next, we consider the region∆M = 10−10 GeV in which Tosc ∼ Tsph. In fact, as shown in Ref. [17], this
case gives the maximal value of the BAU as a function of ∆M (if one can neglect the washout effect). In
this case, as shown in Fig. 3 (b), although the initial value of the diagonal element does not change the
yield of the BAU as long as [rN ]I22 < O (10−2), the off-diagonal elements, Re[rN ]I23 and Im[rN ]I23, change
the prediction if they become larger thanO (10−5). The behaviors associated with [rN ]I22 and Re[rN ]
I
23 do
not changemuch even for ∆M ≫ 10−10 GeV and Tosc≫ Tsph, but the final BAU becomes more sensitive
to Im[rN ]I23. See Fig. 3 (c). Therefore, we have found that the initial values of the matrices of densities
can change the prediction of the BAU drastically even if the overproduction of dark matter is avoided.
Especially, the impact from the off-diagonal elements is found to be significant in any cases.
We then discuss the impact of the initial value Im[rN ]I23 in detail. We show in Fig. 5 the evolution of
the elements of the matrix of densities in the presence of the nonzero Im[rN ]I23. It is seen that the diag-
onal elements [rN ]22 and [rN ]33 do not change much by such an initial value. In addition, the real part
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Figure 5: Evolution of element of the matrix of densities in the presence of the initial value of Im[rN ]I23
= 0 (black solid line), 10−2 (magenta dot dashed line), 10−4 (blue dashed line), and 10−6 (red dotted line).
Evolutionof [rN ]22, [rN ]33, Re[rN ]23, and Im[rN ]23 in the panels (a), (b), (c), and (d), respectively. We take
here ∆M = 10−10 GeV, Xω = 1, ωr =+0.01, and η= 2.15.
of the off-diagonal element becomes modified only if Im[rN ]I23 becomes sufficiently large as O (10
−2).
On the other hand, as shown in Fig. 5 (d), the initial value modifies drastically the initial evolution of
Im[rN ]23, which leads to the change of the yield of the BAU.
Finally, we consider the cases when Xω = 0.1 and 0.01 where the overall scale of Yukawa coupling
constants are enhanced by a factor 10 and 100 compared with the case Xω = 1 and then the strong
washout of the BAU occurs. The deviations of the BAU for these cases are shown in Figs. 6 (a) and (b). It
is interesting to note that the initial values of the matrices of densities give no impact on the yield of the
BAU in these cases as long as they are smaller thanO (10−2). This is expected since the informationof the
reheating epoch is lost due to the rapid thermalizationprocesses. We also findby numerical calculations
that this behavior does not changewhen themass difference becomes smaller so thatTosc≪ Tsph (which
should be contrasted with the Xω = 1 case). Therefore, in the strong washout region the prediction of
the BAU is insensitive to the initial values of the matrices of densities and the baryogenesis is just the
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Figure 6: Same as Fig. 3 except for ∆M = 10−10 GeV and taken (a) Xω = 0.1 and (b) Xω = 0.01.
low energy physics at T ∼ Tsph.
We have discussed the impact of the initial values of the matrices of densities on the yield of the
BAU YB by baryogenesis via neutrino oscillation. In addition, we would like to stress here that the CP
violation induced by the higher-dimensional operator Eq. (5) is important for the baryogenesis.
In oder to illustrate our point, we consider the case when δ = 0, η = 0, and Imω = 0, i.e. the CP
violating parameters in the neutrino Yukawa coupling constants are turned off all. As shown in Fig. 7,
the sufficient amount of the BAU can be generated by the initial value of Im[rN ]I23 alone. As an example,
the observed value of the BAU is available for Im[rN ]I23 ≃ 10−4 when Reω= 0.1, MN = 3 GeV, and ∆M =
10−13 GeV. This is a new scenario for the successful baryogenesis. Notice that we have checked that the
sign of YB is changed according to the sign of Im[rN ]I23. Eventually, we have found that the CP violation
in the higher-dimensional operator as well as that in the neutrino Yukawa interaction can be a source of
the BAU.
5 Conclusions
In this paper we have investigated the impacts of the higher-dimensional operator (5) on the phe-
nomenology of right-handed neutrinos in the νMSM. Especially, we have studied how the prediction
of baryogenesis is altered by the initial abundance of right-handed neutrinos produced by the scatter-
ings of Higgs bosons at the reheating epoch. We have parametrized such an abundance as the initial
values of the matrices of densities [rN ]II J and [rN ]
I
I J . Since the coupling matrix A in Eq. (5) is nondiago-
nal generally, the off-diagonal elements of [rN ]II J and [rN ]
I
I J can be present.
The initial abundance of N1 at the reheating epoch may be responsible for the dark matter density
of the present universe, and the viable parameter space of the N1 mass and couplings is also enlarged.
In such a case, right-handed neutrino N1 can be dark matter even if its mass is much large than 10 keV
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Figure 7: Yield of the BAU YB in terms of the initial value Im[rN ]I23 is shown by the red solid line. The
horizontal dotted line shows the observed BAU Y obsB . Here all of the CP violating parameters in the
neutrino Yukawa interactions are switched off (δ= η= Imω= 0).
scale, as long as the stability is ensured due to the discrete symmetry. It should, however, be noted
that these significant effects can be induced only if the reheating temperature is very high and/or the
cutoff scale is lower than the Planck scale. Otherwise, the effects of the higher-dimensional operator is
negligible and the dark matter productionmust rely on a low energy physics.
We have also discussed the impact on baryogenesis. It has been shown that the initial values do
not change the yield of the BAU in the strong washout region as long as the overproduction of dark
matter N1 is avoided. Thus, in these cases the baryogenesis in the νMSM is insensitive to the physics at
high energy scales such as the processes at the reheating epoch after the inflationary universe. In this
case, the baryon asymmetry is a consequence of the mechanism at the weak scale physics. This strong
washout region is very motivated since N2 and N3 are expected to be explored by future experiments as
SHiP [53], LBNE (DUNE) [54], and FCC-ee [55] due to the larger mixing elements.
On the other hand, we have found the significant deviation due to the initial values in the weak
washout region, which is contrasted to the previous study in Ref. [19]. When the oscillation effect is
less important for baryogenesis (Tosc ≪ Tsph), the initial values of all the components are important.
On the other hand, when Tosc & Tsph and the baryogenesis is induced by the oscillation of N2 and N3,
the initial values of the real and imaginary parts of the off-diagonal element are found to be significant.
Interestingly, even if all of the leptonic CP violating phases contained in the Yukawa coupling constants
are switched off (δ= η= Imω= 0), we have found that the observed amount of the BAU can be obtained
by the CP violation of [rN ]I23 which is introduced by the higher-dimensional operator alone. Under the
choice of parameters in this analysis, any initial value smaller than O (10−5) is negligible for the predic-
tion of the BAU. Such a small initial value can be obtained if the reheating temperature becomes smaller
or the cutoff scale becomes higher. Otherwise, in theweak washout region the baryogenesis receives the
13
influence of high energy physics. In some cases the generation of the BAU can be boosted and hence
the region for the successful baryogenesis in the νMSM is enlarged.
Again,wewould like stress that these impacts of the higher-dimensional operator are available only if
the reheating temperature is very high and/or the cutoff scale is lower than the Planck scale. Otherwise,
the baryogenesis in the νMSMmust be explained by the renormalizable Lagrangian.
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A Production of right-handed neutrinos
In this appendix we discuss the production of right-handed neutrinos by the operator (5). To make our
argument clear, let usmove to the basis in which the couplingmatrix A is diagonal. This can be done by
the unitary transformation as
ν′R =VR νR , (26)
where themixingmatrixVR is defined by the diagonalization of A as
V ∗R AV
†
R = A′ = diag(A′1,A′2,A′3) . (27)
As we will see below, the production is most effective at the reheating epoch and the basis with ν′R is
more relevant to describe the production since theMajoranamasses are negligible for TR ≫MI .
Let us then consider a pair production of ν′RI :
φa +φa → ν′RI (~p1 , h1)+ν′RI (~p2 , h2) . (28)
where ~p1,2 and h1,2 are three momenta and helicities of final particles, and four real scalar fields of the
Higgs doubletΦ are denoted by φa (a = 1,2,3,4). The helicity amplitude is given by
Mh1,h2 =
1
Λ
u¯(~p1,h1)
[
A′I PR + A′I ∗PL
]
v(~p2,h2) , (29)
where PL,R are chiral projection operators PL = (1−γ5)/2 and PR = (1+γ5)/2. By neglecting the masses
of right-handed neutrinos, we find the amplitudes in the center-of-mass frame are given by
M+− =M−+ = 0, M++ =+
A′I
∗
Λ
e−iϕ1
p
s , M−− =−
A′I
Λ
e+iϕ1
p
s , (30)
14
where ~p1 = |~p1|(sinθ1cosϕ1 , sinθ1 sinϕ1 , cosθ1) and
p
s is the center-of-mass energy. It can be seen
that the pair of the same helicity state is produced. The cross-section of the process (28) is [19]
σ(φa+φa → ν′RI +ν′RI )=
|A′I |2
16Λ2
, (31)
where the sum of helicities in the final state has been taken. Then, the scatterings of φa at reheating
epoch generate ν′RI and its yield for T ≪ TR is given by [19]
nν′RI +nν′RI
s
= 135
p
10ζ2(3)
16π8g 3/2∗
|A′I |2 MP TR
Λ2
= 3.68×10−6
|A′I |2 MP TR
Λ2
. (32)
This leads to the matrices of densities for right-handed neutrinos and their antiparticles in the ν′R basis
as
[rN ′ ]I J = [rN ′ ]I J = 9.44×10
−4 MP TR
Λ2
|A′I |2δI J . (33)
It is then found from (26) that the matrices of densities in the νR basis are given by
[rN ]I J = 9.44×10−4
MP TR
Λ2
[
A†A
]
I J
, [rN ]I J = 9.44×10−4
MP TR
Λ2
[
AT A∗
]
I J . (34)
We can see that r †N = rN and r
†
N
= rN as expected, and also that rN = r ∗N which means that there is no
asymmetry between νRI and νRI induced by the process (28).
B Yukawa coupling constants of N2 and N3
In this appendixwe show the parametrizationof the Yukawa coupling constants of N2 and N3. We follow
the notation in Ref. [52].
Without loss of generality we can parametrize FαI (I = 2,3) as [56,57]#4
F = i〈Φ〉U D
1/2
ν ΩD
1/2
N . (35)
Here Dν = diag(m1,m2,m3) is the mass matrix of active neutrinos and the PMNS mixing matrix [20] is
given by
U =

 c12c13 s12c13 s13e
−iδ
−c23s12− s23c12s13e iδ c23c12− s23s12s13e iδ s23c13
s23s12−c23c12s13e iδ −s23c12−c23s12s13e iδ c23c13

×diag(1 , e iη , 1) , (36)
with si j = sinθi j and ci j = cosθi j . δ is a Dirac phase and η is a Majorana phase.
Throughout this work we consider the normal hierarchy of active neutrinomasses:
m3 >m2 >m1 = 0. (37)
#4 We set the coupling for dark matter N1 as Fα1 = 0 for simplicity, since they are severely restricted by the cosmological
constraints [27].
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As for the mixing angles andmass squared differences, we use the central values in Ref. [58].
sin2θ12 = 0.306, sin2θ23 = 0.441, sin2θ13 = 0.02166,
∆m221 = 7.50×10−5 eV2 , ∆m231 = 2.524×10−3 eV2 .
(38)
DN = diag(M2,M3) is themassmatrix of HNLs andwe take M2 =MN−∆M/2 and M3 =MN+∆M/2. The
3×2 matrixΩ is given by
Ω=

 0 0cosω −sinω
ξsinω ξcosω

 . (39)
Here ω is a complex parameter and we parametrize its imaginary part as
Xω = exp(Imω) , (40)
and the real part is denoted asωr . Note that the physical region of these parameters is found, for exam-
ple, in Ref. [59]. In the present analysis, we take the following values in all cases for simplicity.
MN = 3 GeV, ξ= 1, δ= 1.45, η= 2.15. (41)
C Evolution of baryon asymmetry
In this appendix we shall show the evolution of the yield of the BAU depending on the non-zero initial
value of the matrices of densities [60]. Note that the absolute value of YB is shown in the figures below
and YB is negative in some regions. Here, YB is not the present value of the BAU but it is given by
YB (T )= 1.3×10−3
∑
α
µB/3−Lα(T ) , (42)
until T = 100 GeV, which should not be confused with YB in Eq. (23).
C.1 Weak washout regime
First of all, we consider the region inwhich the Yukawa coupling constants are so small that thewashout
process of the asymmetries is ineffective.
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C.1.1 The case with Tosc≪Tsph
We take the following parameter set.
MN = 3 GeV, ∆M = 10−13 GeV, Xω = 1, ωr =+0.909, δ= 1.45, η= 2.15, (43)
which correspond to the case Fig. 3 (a). The evolution of |YB | is shown in Fig. 8.
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Figure 8: Evolution of the BAU when ∆M = 10−13 GeV and Xω = 1. Black solid line shows the BAU when
there is no initial value for all the elements of the matrix of densities. The red dotted, blue dashed, and
magenta dot dashed lines correspond to the cases where the initial value of the element is 10−2, 10−4,
and 10−6. The non-zero initial value is given for [rN ]22, [rN ]33, Re[rN]23, and Im[rN]23 at the panels (a),
(b), (c), and (d).
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C.1.2 The case with Tosc ∼ Tsph
We take the following parameter set.
MN = 3 GeV, ∆M = 10−10 GeV, Xω = 1, ωr =+0.01, δ= 1.45, η= 2.15, (44)
which correspond to the case Fig. 3 (b). The evolution of |YB | is shown in Fig. 9.
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Figure 9: Same as Fig. 5 except for ∆M = 10−10 GeV and Xω = 1.
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C.1.3 The case with Tosc≫Tsph
We take the following parameter set.
MN = 3 GeV, ∆M = 10−7 GeV, Xω = 1, ωr =+0.909, δ= 1.45, η= 2.15, (45)
which correspond to the case Fig. 3 (c). The evolution of |YB | is shown in Fig. 10.
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Figure 10: Same as Fig. 5 except for ∆M = 10−7 GeV and Xω = 1.
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C.2 Strong washout regime
Next, we turn to consider the region in which the Yukawa coupling constants are so large that the strong
washout of the asymmetries takes place.
C.2.1 The case with Tosc ∼ Tsph and Xω = 0.1
We take the following parameter set.
MN = 3 GeV, ∆M = 10−10 GeV, Xω = 0.1 , ωr =+0.909, δ= 1.45, η= 2.15, (46)
which correspond to the case Fig. 6 (a). The evolution of |YB | is shown in Fig. 11.
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Figure 11: Same as Fig. 5 except for ∆M = 10−10 GeV and Xω = 0.1.
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C.2.2 The case with Tosc ∼ Tsph and Xω = 0.01
We take the following parameter set.
MN = 3 GeV, ∆M = 10−10 GeV, Xω = 0.01, ωr =+0.909, δ= 1.45, η= 2.15, (47)
which correspond to the case Fig. 6 (b). The evolution of |YB | is shown in Fig. 12.
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Figure 12: Same as Fig. 5 except for ∆M = 10−10 GeV and Xω = 0.01.
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